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Abstract. Our work aims to identify nano-scale metal films with enhanced
absorption in the terahertz (THz) spectral range (1 to 10 THz) that can be
incorporated in thermal imagers that operate in this spectral band. Absorp-
tion measurements of chromium and nickel films with different thicknesses
(2.5 to 50 nm) revealed that absorption as high as 47% can be achieved by
controlling the thickness of the film. The measured absorption agrees well
with the predicted maximum absorption of 50% using thin metal films. The
results indicate that nanometer scale metal films can provide high THz
absorption for applications in thermal sensing. © 2012 Society of Photo-Optical
Instrumentation Engineers (SPIE). [DOI: 10.1117/1.OE.51.6.063801]
Subject terms: thin films; terahertz; sensors; metal films.
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1 Introduction
THz imaging has been demonstrated using conventional,
microbolometer-based imagers optimized for infrared (IR)
wavelengths (8 to 12 μm) coupled with an external terahertz
(THz) illumination source.1,2 The potential limitations of this
approach are the low sensitivity of the microbolometer cam-
eras in the THz region and the relatively low output power of
commonly available THz illuminating sources, such as quan-
tum cascade lasers (QCL). In microbolometer cameras, the
absorbed energy heats the sensing element, changing its
resistance and producing an output proportional to the inci-
dent optical power. To increase sensitivity, it is necessary to
design a pixel membrane structure to efficiently absorb THz
without compromising the thermal proprieties of the sen-
sors.3–5 Nanometer-scale metal films deposited on dielectric
layers are known to provide good THz absorption due to
resistive losses in the film.6 In this paper experimental
and theoretical THz absorption characteristics of thin chro-
mium (Cr) and nickel (Ni) films are reported.
2 Theoretical Analysis
In 1947 Hadley and Dennison predicted that an unsupported
metal film in air could absorb, at most, 50% of incident infra-
red radiation.7 This optimum absorption can be achieved for
a specific frequency range through an appropriate combina-
tion of conductivity and thickness. This problem can be
approached by first determining the coefficients of transmis-
sion (T) and reflection (R) of the film and then obtaining
absorption (A) using A ¼ 100 − ðRþ TÞ. Since the films
are too thin to be self-supporting they are normally deposited
on a dielectric structural layer (or substrate). Therefore, the
THz absorption characteristics of a supported structure can
be modeled as depicted in Fig. 1.
In Fig. 1, s and d represent the conducting film and sup-
porting layer thicknesses, respectively. Emþ and Em− repre-
sent the incident and reflected electric field propagating in
the m’th medium, respectively. In this analysis, only the elec-
tric field component perpendicular to the paper plane (Fig. 1)
is considered, since it is straightforward to extend this rea-
soning to the parallel component. Thus, the m’th boundary
conditions for plane waves can be written as:
Emþ expðikmxmÞ þ Em− expð−ikmxmÞ
¼ Eðmþ1Þþ expðikmþ1xmÞ þ Eðmþ1Þ− expð−ikmþ1xmÞ (1)
and
½Emþ expðikmxmÞ − Em− expð−ikmxmÞkm
¼ ½Eðmþ1Þþ expðikmþ1xmÞ
− Eðmþ1Þ− expð−ikmþ1xmÞkmþ1; (2)
where the boundary is represented by the same index, m, of
the layer on the left of it, xm is the x coordinate at the m’th
boundary,7 and km ¼ ½2πnm∕λ cos θm is the complex propa-
gation constant multiplied by the angle of incidence in the
layer. The complex index of refraction of the m’th layer is
given by nm ¼ ηm þ iκm. Finally, θm is the incidence angle
on the m’th boundary. For the four-layer structure depicted
in Fig. 1, the reflection (R) and transmission (T) coefficients










The values of Em can be obtained from Eqs. (1) and (2)
through a relatively complex algebraic analysis. However,
some simplifications can be made without compromising
the accuracy of the model. First, in most applications the
incident THz wave is approximately normal to the structure,
thus cos θm ≈ 1. Second, for non-magnetic metal layers the
index of refraction and the extinction coefficient can be
approximated as9 η ¼ κ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiσ∕2ωε0p , where σ represents
the conductivity of metal, ω ¼ 2πc∕λ and ε0 is the free
space permittivity. Finally, the supporting layer (m ¼ 3 in
Fig. 1) is usually a dielectric with small losses, thus n3
can be considered real. Under these assumptions, the
expressions for the three coefficients can be obtained from
Eqs. (1) and (2):0091-3286/2012/$25.00 © 2012 SPIE
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In bi-material/microbolometer sensor applications, the
supporting layer is usually a thin dielectric film (∼1 μm)
that is much smaller than the THz wavelengths of interest
(>30 μm). If the dielectric supporting layer exhibits small
losses, its contributions can be neglected and the conducting
film can be considered unsupported (i.e., d ¼ 0) for further










Note that the absorption given in Eq. (7) depends only on the
product of film conductivity and its thickness, which is the
inverse of the sheet resistance of the film. In addition, since
conductivity of metal films is nearly constant in this fre-
quency range,9 absorption can be considered independent
of THz frequency. To obtain the maximum absorption
using Eq. (7), one must take the derivative with respect to
σs in Eq. (7). If the derivative is equated to zero, one
finds that the maximum absorption occurs at σs ¼ 2cε0. Sub-
stituting the σs back in Eq. (7) one obtains A ¼ 0.5 (or 50%).
Figure 2(a) and 2(b) shows reflection, transmission and
absorption as a function of thickness and conductivity
(respectively) for a 10-nm thick metal film possessing a con-
ductivity of 6.5 × 105 S∕m. Figure 2 clearly shows that when
the maximum absorption occurs both the transmission and
reflection coefficients are equal to 25%. The plots have
been obtained using Eqs. (4)–(6) with d ¼ 0.
Absorption can also be plotted as a function of the film
conductivity and thickness simultaneously. Figure 3 shows a
surface plot of absorption at 3.4 THz. The solid black line
represents the absorption maxima (50%). However, the
plots will be nearly the same for other THz frequencies
based on Eq. (6) where the conductivity does not depend
on THz frequency.9 The plot shown in Fig. 3 is very conve-
nient for selecting the appropriate material and film thickness
to achieve maximum absorption and also predict the absorp-
tion characteristics of specific films.
Finite element (FE) simulations using COMSOL multi-
physics software were performed to validate the theoretical
model and to support the approximations (normal incidence
and unsupported film). Furthermore, this technique is much
more flexible and powerful as a design tool as compared to
the analytical model, since complex structures with several
layers can be easily simulated. Additionally, COMSOL
allows for several parameters to be swept simultaneously,
allowing for a better understanding of the structure’s beha-
vior. Due to the homogeneity of the structures, a unit cell as
Fig. 1 Schematic representation of the incident, transmitted and
reflected electric fields by an air/metal film/supporting layer/air system
(adapted from Ref. 8).
Fig. 2 Reflection (dashed line), transmission (dotted line) and absorption (solid line) of a non-supported conductive film as a function of thickness
(a) and conductivity (b). Observe the constant parameters in both cases.
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schematically shown in Fig. 4 was used in the simulation.
The field distribution is calculated for an incident plane
wave of any angle of incidence polarized along one cell
edge. Perfect electric conducting (PEC) boundary conditions
are applied to the faces perpendicular to the electric field and
perfect magnetic conducting (PMC) boundary conditions are
used on the faces parallel to the electric field. The transmis-
sion and reflection spectra of 1 W incident power are calcu-
lated by integrating the power flow on the inbound and
outbound layer boundaries, as highlighted in Fig. 4.
The comparison between analytical and FE results is
shown in Fig. 5 where the solid line FE and the dashed
line (analytical) represent the maximum absorption for a
range of film thicknesses and conductivities. The logarithmic
scale in both axes is convenient because at the maximum
absorption the product σs is a constant and results in a
straight line. It can be seen in Fig. 5 that the FE model agrees
well with its analytical counterpart. The small discrepancies
noticed for layers thinner than 5 nm (Fig. 5) arise due to the
meshing difficulties when interfacing layers with large thick-
ness differences. Even for unsupported films the air and
absorbing layers surrounding the film must be in the same
wavelength order of magnitude. Consequently, the FE solu-
tions become less reliable for very thin films.
The effect of the substrate (or supporting layer) on trans-
mission, reflection and absorption can be analyzed by repla-
cing the dielectric layer with the substrate in the analytical
model. Figure 6 shows reflection, transmission and absorp-
tion for a 10-nm Nickel (Ni) film with conductivity of 2.8 ×
106 S∕m for three different situations: unsupported, sup-
ported by a 1 μm SiO2 layer (n ¼ 2.0—0.025i), and a
300 μm silicon substrate (n ¼ 3.42—0.0075i). The fre-
quency range was kept small to allow clear visualization
of the Fabry-Perot effect resulting from multiple reflections
within the thick substrate. Material properties were extracted
from10 and represent the average for the simulated range of
frequencies. For comparison purposes, FE simulations of this
structure are also shown in Fig. 6 (dashed lines). The discre-
pancies between FE and analytical solutions become notice-
able for higher frequencies because the FE mesh was not
refined as the wavelength decreased. Note that for the
film supported by a 1 μm SiO2 layer, only the absorption
data is provided [dashed line in Fig. 6(b)] to demonstrate
its minimal effect.
As expected, there is no appreciable difference in the
absorption when the metal film is unsupported versus sup-
ported by the thin SiO2 layer [Fig. 6(b)]. Note that the
absorption due to the unsupported film [straight line in
Fig. 6(b)] lies on top of the absorption peaks when the Ni
film is on a Si substrate. This observation allows us to esti-
mate the absorption of unsupported films by measuring the
transmission and reflection characteristics of films deposited
on thicker substrates. For experimental verification of the
theoretical predictions, it is necessary to deposit the metal
films on host substrates with low conductivities. Silicon sub-
strates with thicknesses of about 300 to 500 μm and resis-
tivity ≥ 20 Ωm were selected due their good transmission
characteristics in the THz spectral range.11
3 Experimental Results
Nano-scale Cr and Ni films were deposited on Si substrates
using a resistive thermal evaporator. The thickness and sheet
resistance of these films were measured using a surface pro-
filer and a four-point probe, respectively. Conductivities of
the films were determined using the measured data; the
values are listed in Table 1.
Fig. 3 Three dimensional (3-D) surface plot of the dependence of
absorption on conductivity and thickness of the film. The frequency
was fixed at 3.4 THz during the analysis.
Fig. 4 Schematic representation of the unit cell used in 3-D FE simu-
lation. Note that the external boundaries are perfect magnetic con-
ducting (PMC), perfect electric conducting (PEC) and perfect
absorbing (PA). The electric field is perpendicular to the PEC layers.
Fig. 5 A FE (solid) and analytical (dotted) absorption maxima as a
function of conductivity and thickness of unsupported films.
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All the films were characterized in the 3 to 10 THz range
using a Fourier transform infrared spectrometer (FTIR Nexus
8700) fitted with a globar source, a Si beamsplitter and a
pyroelectric detector. In order to determine the absorption
in the THz band, reflection and transmission were measured
with the help of an accessory installed in the sample com-
partment of the FTIR. Figure 7(a) and 7(b) shows a sche-
matic representation of the setup. The measurements were
taken at off-normal incidence (15 deg) due to the optical
arrangement of the accessory. For the background subtrac-
tion, a gold mirror was used as a reference.
Figure 8 shows experimental (solid lines) and theoretical
(dotted lines) transmission and reflection coefficients of
sample D (9 nm thick Cr) in the 3 to 5 THz range. The
Fabry-Perot effect is clearly visible and measurements are
in good agreement with the theoretical analysis. The esti-
mated thickness of the substrate using the experimentally
observed separation between the fringes is about 488 μm,
which closely matches the nominal value of the quoted thick-
ness of the substrate (Table 1). The difference in magnitude
between theoretical and experimental values is most likely
due to the low resolution (1 cm−1 or 30 GHz) of the
FTIR spectrometer in the THz spectral range of interest mak-
ing it unable to capture the necessary data points. In addition,
the signal-to-noise ratio decreases significantly for lower fre-
quencies (< 4 THz) due to the limitation of the instrument,
Fig. 6 Theoretical results of reflection and transmission (a) and absorption (b) for a 10-nm nickel film (σ ¼ 2.8 × 106 S∕m) in the following situa-
tions: supported by a 300 μm silicon substrate (n ¼ 3.4) (oscillatory curves); unsupported (straight solid lines); and supported by a 1 μm SiO2 layer
(n ¼ 2.0) [dotted straight line shown only in (b)]. The periodic oscillations represented by the dashed lines are FE simulations of all parameters.
Table 1 Description of the nano-scale chromium and nickel films deposited on high resistivity silicon substrates.
Metal (sample) Film thickness (nm) Film conductivity (×106 S∕m) Sub. thickness (μm) Substrate conductivity (S∕m)
Cr (A) 30 0.9 500 0.02
Cr (B) 28 0.89 500 6.9 × 10−4
Cr (C) 18 0.8 500 6.5 × 10−4
Cr (D) 11 0.68 490 5.1 × 10−4
Cr (E) 6 0.4 490 6.5 × 10−4
Cr (E) 4 0.33 490 5.8 × 10−4
Ni (F) 50 5.6 485 0.03
Ni (F) 30 4.6 485 0.05
Ni (G) 20 4.2 485 0.052
Ni (H) 15 4.0 500 0.03
Ni (I) 8 3.6 300 0.049
Ni (J) 6 3.4 300 4 × 10−4
Ni (K) 2.5a 3.2 300 4 × 10−4
aThis value was corrected by the absorption measurement (see Fig. 9).
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thus disturbing the measurements. Experimental absorption
was determined using the measured transmission and reflec-
tion coefficients and is shown in Fig. 8(b), together with the
theoretical values.
The unsupported film absorption is estimated to be about
47%, assuming it lies on the top of the measured oscillatory
response, as shown by the straight line in Fig. 8(b). The
calculated unsupported film absorption is around 48%,
which gives a difference of about 1%. This result reveals
good accuracy of the analytical model, despite the normal
incidence and lossless supporting layer approximations
employed in the analysis. All the samples were
characterized using the same procedure and the results are
given in Fig. 9.
Fig. 7 Schematic representation of the experimental configuration used for measuring the reflection (a) and transmission (b). In the transmission
measurement, the sample was kept at the same angle as the reflectance measurement.
Fig. 8 Theoretical (dotted lines) and experimental (solid lines) transmission, reflection (a) and absorption (b) of sample D (9 nm thick Cr on 490 μm
thick Si substrate). The straight line in (b) represent the estimated absorption of the unsupported film.
Fig. 9 (a) Experimental (circular markers for Ni and square markers for Cr) and calculated (dotted lines) absorption of chromium and nickel
samples as a function of film thickness and (b) relationship between conductivity and film thickness for both metals. In (b), the dotted lines
are a linear fit.
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Figure 9(a) shows the measured absorption as a function
of film thickness along with the theoretical calculations.
The measured relationship between conductivity and film
thickness for all films are shown in Fig. 9(b), where the
dotted lines are the linear fits, which were used in combina-
tion with Eq. (7) to compute the theoretical absorption. Note
that despite the simplicity of the model, the measured and
calculated absorption values do not differ by more than
5%. The predicted maximum absorption (50%) for Ni and
Cr films are achievable when the films are 1.7 and 10 nm
thick, respectively.
4 Conclusion
The THz characteristics of thin metal films were modeled
and measured. A good agreement between the measurements
and simulations shows that a rather simplified model can be
used for designing high THz-absorbing thin film structures.
Thin films of Cr and Ni with varying thicknesses were
deposited on Si substrates. Absorption of about 47%
(50% is the theoretical maximum) was achieved in an
11-nm thick Cr film. FE simulations of these thin metal
film structures were in excellent agreement with the
analytical model.
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